Abstract: Phosphorus (P) is an essential macronutrient for plant growth and development. Inorganic phosphate (Pi) is the major form of P taken up from the soil by plant roots. It is well established that under Pi deficiency condition, plant roots undergo striking morphological changes; mainly a reduction in primary root length while increase in lateral root length as well as root hair length and density. This typical phenotypic change reflects complex interactions with other nutrients such as iron, and involves the activity of a large spectrum of plant hormones. Although, several key proteins involved in the regulation of root growth under Pi-deficiency have been identified in Arabidopsis, how plants adapt roots system architecture in response to Pi availability remains an open question. In the current post-genomic era, state of the art technologies like high-throughput phenotyping and sequencing platforms,"omics" methods, together with the widespread use of system biology and genome-wide association studies will help to elucidate the genetic architectures of root growth on different Pi regimes. It is clear that the large-scale characterization of molecular systems will improve our understanding of nutrient stress phenotype and biology. Herein, we summarize the recent advances and future directions towards a better understanding of Arabidopsis root developmental programs functional under Pi deficiency. Such a progress is necessary to devise strategies to improve the Pi use efficiency in plants that is an important issue for agriculture.
INTRODUCTION
Phosphorus (P) is the 11th most abundant element of the earth's crust; while simultaneously the most immobile nutrients in the soils resulting in in its poorly availability for plants [1] . The major available form of P for plants in the soils is inorganic P (Pi). To overcome Pi deficiency, a massive Pi supply is chosen as an immediate remedy, a practice that is neither ecologically sustainable nor economically viable. Interestingly, crops take up only 15-30% of the applied Pi fertilizer within the year of its application [2] , whereas rest of the applied fertilizer is lost in form of leaching and polluting the water bodies. Thus improving the ability of crops to use the available Pi is necessary to reduce a plant dependency on Pi-fertilizers while maintaining an optimum yield. Such an objective requires a better understanding on mechanisms regulating both the Pi transport system in plants and the root growth capacity in response to fluctuating Pi concentrations in soil. During the last few decades, our knowledge on the transport of Pi and its accumulation in plants has been considerably advanced, mainly using Arabidopsis as a reference model plant [3, 4] . For an extensive review of the Pi transporter gene family, readers are referred to [5, 6] . The physiological and molecular aspects of root growth and development in response to Pi deficiency has been also investigated in Arabidopsis ecotype Columbia (Col) [7] . The current knowledge on theses mechanisms is summarized below.
PRIMARY AND LATERAL ROOT DEVELOPMEN-TAL RESPONSE TO PI AVAILABILITY
Low Pi conditions have been shown to affect the course of root development in plants, for instance on low Pi media, a reduction in primary root length as well as increase in lateral root length have been reported [8] [9] [10] [11] . These morphological changes have been opined to increase the root surface, thus enabling plants for the better exploration of the top layer of soil to improve the acquisition of the poorly mobile Pi.
Number of key genes involved in the primary root growth inhibition upon Pi deficiency has been identified in Arabidopsis through classical genetic (reverse and forward) studies. Based on detailed mutant analysis we can distinguish the following three categories, 1) mutants hypersensitive to low Pi such as the phosphate deficiency response 2 mutant (pdr2, P5-Type ATPase, At5g23630); the siz1 mutant (SUMO E3 ligase, At5g60410) and the prd mutant (DNA binding protein, At1g79700); 2) mutants able to maintain primary root growth in low Pi, such as the low phosphate root lpr mutants (lpr1, At1g23010; lpr2, At1g71040; lpr3) [11] and; 3) mutants that are low phosphorus insensitive, namely lpi1, lpi2, lpi3 and lpi4, which are characterized by a long primary root despite of low Pi in the growth media [12] . In general, low Pi causes a redistribution of root growth from the primary root to the lateral roots and the later becoming denser [8, 13] . Although this observation is overstated in some mutants such as the siz1 mutant displaying an increase of lateral root number, or the pdr2 and the ribonuclease polynucleotide phosphorylase mutant (pnp, At3g03710) that presents highly branched lateral roots.
Substantial natural variation of root developmental response to Pi deficiency can be easily observed using hundreds of available accessions of Arabidopsis genus [14] . Numerous initiatives in the development of high-throughput plant phenotyping platforms using robotic-assisted imaging and computer vision-assisted analysis tools are engaged [15, 16] .
The availability of the complete Arabidopsis genome sequence has dramatically accelerated traditional genetic research on root biology, and has also enabled entirely new experimental strategies to be applied [17] . The availability of genome sequences of various plant species coupled with root phenotyping tools have allowed the emergence of the genome-wide association studies (GWAS) as an excellent strategy to dissect the genetic basis of many plant traits in responses to abiotic stresses. GWAS combined with expression analyses, allows the identification of genomic regions and causal genes, associated with biological processes such as root development. For instance, [15] reports a costefficient phenotyping system for Arabidopsis roots that enables scalable image acquisition and processing, as well as storing of positional information of plant genotypes and automated annotation of multiple genotypes per plate. The setup and evaluation of the performance of this system to produce and process a large data set as well as its robustness toward different growth conditions was discussed [15] . Recently, this system was used and allowed the identification of a new F-box gene, KUK, involved in the regulation of root meristem and cell length [18] . The availability of nucleotide and protein sequences allowed the identification of the polymorphisms in the coding sequences as the major causes of KUK (F-box) allele-dependent natural variation in root development [18] . Therefore, GWAS strategy has proved its reliability to explore the genetic determinants underlying the plasticity of root growth in response to Pi availability.
Pi starvation activates a large-scale change at the transcriptome and proteome levels in plant shoots and roots [19, 20] . Gene expression profiles (microarrays) of a highresolution set of developmental time points within a single Arabidopsis root and a comprehensive map of nearly all root cell types has been reported [21] . These data revealed complex programs that define Arabidopsis root development in both space and time. It will very interesting to combines cell sorting with microarray analysis to generate the global expression pattern for every cell type in the root under Pi deficiency conditions. If this information could be obtained for every cell type and every developmental stage of the root grown under limited Pi condition, it would provide an allencompassing picture of the regulatory networks controlling root development. From this dataset all transcription factors that are expressed in a tissue-specific pattern can be identified. Localizing these transcription factors and determining their immediate targets will be instrumental for a better understanding of complex biological systems such as root development.
In conclusion, combination of the above mentioned innovative approaches will certainly complete the current understanding on genes and their regulatory network involved in the regulation of primary root development, but also others root traits in response to Pi availability.
ROLE OF ROOT TIP IN SENSING AND RESPOND-ING TO Pi STARVATION
Recent works have shown that the external, but not the internal, low-Pi content conditions the primary root growth arrest; this is a typical local response to low-Pi [22, 23] . Accumulating evidence indicates that the root tip plays a critical role for sensing and responding to Pi starvation. The physical contact of the root tip with low-Pi medium is necessary and sufficient to severely reduce the root growth capacity [24] . The conditional short root phenotype of pdr2 under Pi limitation can be rescued by supplementing the Pi-limiting media with phosphite (Phi), which leads to resume the root meristem activity [25, 26] . The PDR2 gene (P5-type ATPase) appears to function in the endoplasmic reticulum (ER) and act as a Pi sensitive checkpoint in root development in low Pi media through the maintenance of the stem-cell fate [27] . PDR2 in Pi-deprived roots is required for proper expression of a key regulator gene of root patterning, SCARECROW (SCR), and affects SHORT-ROOT (SHR) movement towards the endodermis [27] . It was also observed that PRD, an Arabidopsis AINTEGUMENTA-like gene, was involved in root architectural changes in response to Pi starvation by controlling primary and lateral root elongation [28] . The Low Phosphate Root1 (LPR1, ferroxidase), as its paralog LPR2, are expressed in the root tip, comprising the meristem and root cap [24] . It is noteworthy that PDR2 and LPR1 expression domains overlap in the stem-cell niche and distal root meristem [27] , which strengthens the hypothesis that these two genes function together in an ER-resident pathway that adjusts root meristem activity in response to external Pi. Taken together, these data attest the critical role of the root tip in Pi starvation response.
Fortuitously, multiple sets of Arabidopsis microarray data have been assembled in various available databases, as well as data mining and analysis tool boxes such as TAIR [29] , NASCArrays [30] , the Stanford Microarray Database [31] and GENEVESTIGATOR [32] . These data sources can be combined with several meta-analysis tools using a guiltby-association principle to help visualise correlated gene expression, such as ATTED-II [33] , and CressExpress [34] . The functional annotations in the gene's co-expression neighbourhood can then be used to hypothesise a biologically relevant relationship. Using ATTED ver7.1 (http://atted.jp/), the co-expression relationship of AtLPR1 (At1g23010) and AtLPR2 (At1g71040) and AtPDR2 (AT5G23630) can be investigated. Interestingly, such an analysis revealed that LPR1, LPR2, and PDR2 genes constitute a different set of co-expressed genes, which illustrate the existence of co-expression clusters that correspond to different functional modules involved in regulation of root development. A comprehensive protein-protein interaction map would be another valuable resource that would help identifying new network connections.
PRIMARY ROOT GROWTH UNDER Pi STARVA-TION: INTERACTION WITH OTHER NUTRIENT AVAILABILITY
Variation in the experimental design and the composition of the growth media impacts the morphology of the roots of Pi-deficient plants [10, 11, 35] . Concentrations of iron (Fe) and other microelement contaminants in gelling agents cause significant variations in the morphological responses to Pi deprivation [35] . Therefore, the root phenotype could not be the only "placemark" to define status of Pi in plants [36] . For example, similarly to low Pi, Fe deprivation induces an increase in root hair length and density [37] [38] [39] . We have learned recently that the morphological changes in root architecture upon Pi starvation are most likely an outcome of the complex interactions between Pi and the Fe [24, 35] . Indeed, the Pi-deprived plants over-accumulate Fe, resulting supposedly to a Fe toxicity effects in roots. In line with this statement, the reduction of Fe concentration in the medium, in spite of low concentrations of Pi, leads to the recovery of the primary root elongation and the ability of plant to uptake Pi [35] . Therefore, Pi deficiency-induced root growth inhibition depends on external Fe presence and is initiated by accelerated differentiation of elongating cells, followed by a decline in meristematic cells [40] . The molecular basis and the nature of the cross-talks between Pi and Fe homeostasis start to emerge. Very recently, [40] reported that the two functionally interacting genes, LPR1 and PDR2, facilitate cell-specific apoplastic Fe and callose deposition in the meristem and elongation zone of primary roots upon Pi limitation. This work highlights the importance of calloseregulated symplastic communication in root meristems for the perception of Pi availability, which likely depends on Fe redox cycling. However, taken into account that the inhibitory effect on the growth of Pi-deprived pdr2 mutant roots was shown to be mostly independent of Fe concentration in the media [27] , it is thus clear that plants have evolved distinct Pi-signalling pathways that are dependent and independent of metal ions availability. In addition to Fe, zinc (Zn) availability in the growth media has also been shown to inversely impact the Pi uptake and accumulation on plants [41] [42] [43] . It will be interesting to decipher the root phenotype under conditions of Pi availability linked with Zn excess or deficiency conditions. To further address the question of a regulatory connection between ions signalling pathways and root growth capacity in Arabidopsis thaliana, combination of bioinformatics, system biology, molecular genetics and genomics experimental approaches should be more effective at unravelling complex cross-talk mechanisms compared to previous, single approach, studies.
ROOT HAIRS DEVELOPMENT IN RESPONSE TO Pi AVAILABILITY
The role of root hair in anchoring the plant to the soil is proposed but not fully established. The ability of Arabidopsis mutants affected in root hair development to adhere to the growth medium is compromised in the case of actin double mutant actin2actin7 (act2act7; AT3G18780, AT5G09810), but not in the case of the ROOT Hair Defective 2 (rhd2-1; AT5G51060) mutant, which is defective in NADPH oxidase and hence ROS production [44] . Nevertheless, the implication of root hair in the acquisition of nutrients from the soil solution is well established. Pi deficiency affects the root hairs growth (Fig. 1).   Fig. (1) . Changes in primary root length and root hairs in Arabidopsis thaliana grown either in presence (1 mM) or in absence of inorganic phosphate (Pi) for two weeks.
In case of Pi, the importance of root hairs in the absorption of this element has been proven earlier using the Arabidopsis mutants affected in root hair elongation (rdh2, AT5G51060) or reduced root hair density (rhd6, At1g66470) [45] [46] [47] [48] . It is a proven fact that a plant increases its root hair length and density under Pi deficiency. These morphological changes can be seen as a strategy to further empower the capacity of a root system to explore more soil surface, to penetrate into the finest structures of the soil and to enhance the acquisition of available Pi. For instance, Pi-deficient plants increase root hair density by the formation of shorter cells, resulting in a higher frequency of hairs per unit root length, and additional trichoblast cell fate assignment via increased expression of the ENHANCER OF TRY AND CPC (ETC1, At1g01380) gene [49] . There is a growing list of Arabidopsis genes involved in root hair proliferation in response to low Pi condition. Mutants in these genes can promote root hair formation such as the SUMO E3 ligase gene SIZ1 (At5g60410) [50] , the transcription factor genes (WRKY75, At5g13080; bHLH32, At3g25710) [51] , the transcription factor phl1/phr1(At5g29000/At4g28610) [52] . Other genes have been also identified including the F-Box protein with WD40 domain (fbx2, At5g21040), inositol polyphosphate kinase (ipk, At5g42810), Raf like Kinase (hsp2, At5g03730) [53] , loss of heat shock protein (HSP2, At5g03730), or the loss of the F-box gene BX2 (At5g21040) [54] . All these gene mutants have higher root hair density in low Pi conditions. Mutants that also reduce and or inhibit root hair growth have been described for e.g. the ubiquitin protease (ubp14/per1, At3g20630) [55] , gibberellin biosynthesis (ga1-3, At4g02780), and the transcription factor (rsl4, At1g27740). A recent study on the natural variation of the root hair responses to local scarcity of Pi in a large panel of A. thaliana accessions (166), using GWA mapping, allowed the identification of some accessions showing no root hair under Pi deficiency or in the opposite longer/denser root hair formation under this condition. GWAS analysis revealed new genes involved in the response of root hairs to scarce local Pi level including (CYR1, At1g32360 and RLP48, AT4G13880) [56] .
In the post genomic area, root hair cells can be seen as a system biology model to investigate Pi uptake, and response to Pi deficiency at a plant cell level. A system model for root hairs should include gene regulatory and signal transduction networks, and metabolic pathways related to various aspects of root hair function [57] . To generate this knowledge, there is a need of methodological development and improvement. In method development, efficient ways to isolate and manipulate the fragile root hair cells is the first crucial step to generate the "omics" data. To date, the transcriptome data on isolated root hair cells have been reported only on limited number of plant species such as Soybean [58] . Analysis of transcriptome of root hair in presence or absence of Pi, using the DNA microarray hybridization and high-throughput sequencing technologies will help in obtaining the repertoire of gene expression which can be used for the identification of Pi-specific regulatory genes. At the microscopic level, the observation of root hair, with minimal interference from surrounding cells, is feasible and enables the analysis of different biological processes related to root hair elongation under different Pi regimes. Nevertheless, further method improvement is also needed to measure and visualize intercellular Pi dynamics and Pi signalling molecules accurately. Integration of "omics" data to generate a comprehensive model remains particularly challenging. Bioinformatics and systems biology are promising approaches to help integrating these large biological data sets.
The combination of traditional forward genetics, genomics and systems biology approaches emerge as a powerful strategy to uncover key players in ion signalling pathways crosstalk in plant. These approaches were successfully used to predict network modeling of the high-resolution dynamic plant transcriptome in response to nitrate [59, 60] . Such approaches, implemented as part of the adaptive response of the root system to the Pi deficiency, should emerge original crosstalk between Pi and plant hormone signalling pathways.
PHYTOHORMONES INFLUENCE ROOT DEVEL-OPMENT IN RESPONSE TO Pi AVAILABILITY
Hormonal activities have been implicated in different developmental aspects of root growth under Pi deficiency, with either promotive or repressive effects [61] . Nevertheless, how Pi signal interacts with those of others nutrients at the molecular level, is a largely unanswered question in plants.
The responses of the Arabidopsis root system architecture to Pi deficiency involve both auxin-dependent and auxin-independent mechanisms [8, 10, 13, 39, 62, 63] . In a similar manner to wild type plants, all auxin-related mutants (aux1 and eir1, axr1, axr2 and axr4) showed a decrease in primary root length as well as an increase in lateral root number and density in response to Pi deficiency. The only exception is the auxin response mutant iaa28 which is severely defective in lateral root formation in plants grown in either Pi-sufficient or Pi-deficient conditions [13] . Lateral root formation in Pi starvation appeared to require a class of transcriptional regulators that mediate growth and developmental responses to auxins AUXIN RESPONSE FACTOR 19 (ARF19, AT1G19220) and which involves an SCFTIR1-dependent signalling mechanism [64] . Like wild type, the root hair elongation in the hairless auxin-resistant mutant axr1 and axr2, as well as in the auxin-insensitive mutant aux1, is stimulated in low Pi condition [65] .
Recent experimental evidences indicate that auxin could affect root architecture in Pi-starved plants via modulation of the status of other phytohormones. For example, it has been proposed that auxin may regulate root growth by modulating gibberellic acid (GA) signalling [66] . In line with this report, Jiang et al., (2007) showed that low Pi in plants resulted in a reduction in bioactive GA levels and accumulation of DELLA proteins. Worth noting that DELLA-mediated signalling contributes only to certain aspects of Pi-deficiency response in roots, typically are suppression of the primary root growth and promotion of root hairs [67] .
The gaseous phytohormone, ethylene, has been shown to play an integral local role in the root hair formation, the lateral root elongation, and the reduction of primary root elongation upon Pi starvation [67] . The root system of all ethylene mutants, such as the ethylene-insensitive mutants etr1, ein2, ein3, and hls, the ethylene-overproducing mutant eto1 and the ethylene constitutive response mutant ctr1, respond to Pi deprivation by a decrease in primary root growth and an increase in lateral root formation, although the response of the ctr1 and eto1 mutants was reduced compared to wild type [8, 13] . Some indication for the role of ethylene in systemic Pi signalling through modulation a number of systemically controlled Pi starvation responses start to emerge [68] .
Recently role of strigolactones (SLs) in plant responses to Pi growth conditions have been reported [69] . Pideficiency has been shown to increase SLs biosynthesis in Arabidopsis roots and transport through the xylem to the shoot [70] . SLs act as long-distance shoot-branching inhibitors [70, 71] . SLs have also been suggested to have a positive effect on root-hair elongation, mediated via the MAX2 F-box. The SLs' ability to regulate root development may be executed by induction of the ethylene pathway in conjunction with regulation of auxin transport [72, 73] . SLs were suggested to negatively regulate lateral root (LR) formation in Arabidopsis, under conditions of sufficient Pi nutrition [74] .
The brassinosteroid (BR) signaling pathway regulates numerous physiological and developmental processes in plants. In roots, BRs have both promoting and inhibitory effects on growth, depending on the intensity of the signal [75] . [61] reported that two homologous BR transcriptional effectors, namely BRASSINAZOLE-RESISTANT 1 (BZR1) and BRASSINAZOLE-RESISTANT 2 (BZR2), block these responses (namely exhaustion of the primary meristem, impaired unidirectional cell expansion and elevated density of lateral roots), consequently maintaining normal root development under low Pi conditions. The roots of the bzr1-D mutants remain longer at the very low Pi concentration compared to wild type.
CONCLUSION
Over the past few decades, many research works aimed to elucidate the molecular mechanisms controlling Pi homeostasis in plants have been performed using Arabidopsis thaliana as a model system. A combination of genetics, mo-lecular biology and genomics led to the identification and characterization of a number of genes that regulate growth and development of the root in Arabidopsis in response to Pi deficiency. Nevertheless, it is clear that much remains to be discovered to fully appreciate the molecular processes that govern the adaptation of plants root system to Pi availability. Achieving this objective becomes possible thanks to the available resources in the current post-genomic era including completion of the Arabidopsis genome, developing genomewide profiling technology, the system biology methods and an arrays of experimental tools including phenotyping platforms. Orthologous of the Arabidopsis regulatory genes in crop plants could be then targeted for biotechnological and agronomical applications.
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